The oxidation of elemental sulfur by Thiobacillus thiooxidans was studied at pH 2.3, 4.5, and 7.0 in the presence of different concentrations of various anions (sulfate, phosphate, chloride, nitrate, and fluoride) and cations (potassium, sodium, lithium, rubidium, and cesium). The results agree with the expected response of this acidophilic bacterium to charge neutralization of colloids by ions, pH-dependent membrane permeability of ions, and osmotic pressure.
Thiobacillus ferrooxidans and Thiobacillus thiooxidans are involved in bacterial leaching of metals from sulfide ores and as such are considered to be extremely tolerant to high concentrations of certain metals (11, 24, 25) . The growth of these bacteria and the oxidation of ferrous iron or sulfur are nevertheless inhibited at high concentrations of these metals. The inhibition of Fe 2ϩ oxidation by Fe 3ϩ is competitive (10, 12) . The inhibition by Cu 2ϩ or Zn 2ϩ of Fe 2ϩ oxidation is also competitive (20, 21) , suggesting a simple mechanism for the effect of these metals on Fe 2ϩ oxidation. The oxidation of sulfur is also inhibited by high concentrations of metals (20, 21) , but the mechanism seems to be more complex. A preliminary study indicated that Na 2 SO 4 or K 2 SO 4 was even more inhibitory at high concentrations than was CuSO 4 or ZnSO 4 , and KCl or NaCl was more inhibitory than was K 2 SO 4 or Na 2 SO 4 at the same cation concentrations (18) . It was therefore necessary to carry out a systematic study to obtain general rules governing the effects of various anions and cations before trying to understand any specific effect. It was also essential to study these effects at different pH values to analyze their causes in these acidophilic bacteria.
Since T. thiooxidans is specialized in the oxidation of sulfur and is unable to oxidize ferrous iron, this organism was used for the present study. The oxidation of elemental sulfur by thiobacilli is a complex process involving the contact of cells with sulfur particles (23) , the oxidation of sulfur to sulfite (19) , and the oxidation of sulfite to sulfate (22) . All of these processes are influenced by pH. T. thiooxidans can oxidize sulfur at a wide range of pHs from pH 1 to 9 but can grow only under acidic conditions of pH 1 to 5. The determination of sulfuroxidizing activity of T. thiooxidans is complicated by the solid nature of the substrate. The plot of activity versus pH shows two peaks at pH 2.5 to 3.0 and pH 6.5 to 7.0 in 0.05 to 0.1 M potassium phosphate buffer but only one peak at pH 4 to 5 in 0.5 M potassium phosphate buffer (23) .
We have studied the effects of increasing concentrations of different anions and cations on the oxidation of sulfur by T. thiooxidans at three different pH values: pH 2.3 (pH for normal growth), pH 4.5 (near upper limit of pH for growth), and pH 7.0 (pH where the organism cannot grow but oxidizes sulfur). The results are in general agreement with the expected behavior of various anions in acidophilic bacteria, where the higher internal pH of 6 to 7 is supposed to be maintained against the lower external pH by the inside-positive membrane potential, ⌬, to prevent H ϩ entry (1, 3, 7, 13) , although the mechanism seems to be complex (4, 5) . Permeant anions under acidic conditions inhibited sulfur oxidation presumably by destroying the ⌬, leading to the lowering of internal pH, the effect being counteracted by some cations. General activation of sulfur oxidation by low concentrations of salts, as expected from the charge neutralization on colloidal surfaces, causing a reduction in the repulsive force for contact based on the DerjaguinLandau-Verwey-Overbeek theory (9, 14, 28) , and the inhibition at high concentrations in addition to the extended lag periods due to osmotic stress were also observed but were irrespective of the pH of the experiments.
Microorganism. T. thiooxidans ATCC 8085 was grown statically for 4 days on elemental sulfur at 28°C in Starkey's medium 1 adjusted to pH 2.3 with H 2 SO 4 as described previously (22) . Cultures were first filtered through Whatman no. 1 filter paper under suction to remove sulfur. Cells were collected by centrifugation at 8,000 ϫ g for 10 min, washed once in glassdistilled water adjusted to pH 2.3 with H 2 SO 4 , and suspended in the same pH 2.3 water at a concentration of 50 mg (wet weight) of cells per ml. The cell suspension was kept at 4°C and used immediately (within 24 h).
Determination of sulfur oxidation activities. Oxidation of sulfur by fresh cells was determined by measuring the rate of O 2 consumption polarographically in a Gilson Oxygraph with a Clark electrode and a magnetic stirrer at 25°C. The reaction mixture in a total volume of 1.2 ml contained 1 mg (wet weight) of cells (20 l of the cell suspension) and 32 mg of powdered sulfur or 5 g of sulfur dissolved in dimethyl sulfoxide (DMSO) in reaction media with a variety of salts at different concentrations and three different pHs (pH 2.3, 4.5, and 7.0). Powdered sulfur suspension as substrate was prepared by stirring 32 g of BDH precipitated sulfur, low in Fe, in 100 ml of glass-distilled water containing 500 ppm of Tween 80 for 1 h. Sulfur in DMSO was prepared by dissolving 5 mg of the above sulfur in 10 ml of DMSO by stirring. Addition of 0.1 ml of sulfur suspended in Tween 80 (S 0 /Tween) or injection of 10 l of sulfur dissolved in DMSO (S 0 /DMSO) into the cell suspension in various conditions started the reaction, and O 2 consumption was monitored normally until either substrate S 0 or O 2 was fully consumed (S ϩ 1 1/2O 2 ϩ H 2 O 3 H 2 SO 4 ). A linear rate of O 2 consumption (nanomoles of O 2 per minute) following a lag period (normally less than 5 min) was recorded for each experiment. Since the cell activities of suspensions were not stable, one set of experiments was carried out with one batch of cells within 24 h, and the results were duplicated with another batch of cells. Although the absolute activity values of each batch of cells were not identical, the patterns presented in the figures were reproducible. Two types of sulfur were used as substrates, because powdered sulfur added in large excess made cells sometimes less responsive to various effects than were those cells with sulfur dissolved in DMSO, which was limiting in concentration and was consumed by cells during the experiments.
Effect of monovalent and divalent cations. Divalent metals such as Cu 2ϩ and Zn 2ϩ are often released in high concentrations during bacterial leaching of sulfide ores. The divalent cations Mg 2ϩ , Zn 2ϩ , and Cu 2ϩ , however, were less inhibitory than the monovalent cation K ϩ for the rate of sulfur oxidation by T. thiooxidans cells when tested at the same concentration of sulfate, the natural anion produced by the organism. Concentrations required for 50% inhibition of the oxidation (S 0 / Tween) at pH 2.3 were 150 mM K 2 SO 4 and 300 mM MgSO 4 , ZnSO 4 , or CuSO 4 . Since the organism failed to grow in the growth medium with 100 mM CuSO 4 or 200 mM ZnSO 4 without adaptation (20) , these metals may inhibit other reactions essential for growth of the organism different from the sulfur oxidation. These sulfur oxidation results show that the inhibitory effect is likely due to the high osmotic pressure rather than to the ionic strength, since the colligative molarity of K 2 SO 4 is one-and-a-half times those of salts of divalent metals.
Effect of potassium and sodium salts of sulfate, phosphate, chloride, and nitrate. Potassium sulfate and sodium sulfate as standard salts of a nonpermeant anion both increased the sulfur oxidation rate of T. thiooxidans at 10 to 50 mM and decreased it at higher concentrations either with sulfur dissolved in DMSO (Fig. 1) or with powdered sulfur suspended in Tween 80 (data not shown) at pH 2.3, 4.5, or 7.0. Results with phosphate were more complicated ( Fig. 1 and Fig. 2 ). At pH 2.3, potassium phosphate increased the rate at 10 to 50 mM as potassium or sodium sulfate did, but sodium phosphate either decreased the rate or did not increase it as much. At pH 4.5, both potassium and sodium phosphate required 50 to 100 mM for increased activity, 10 mM being ineffective. At pH 7.0, both potassium and sodium phosphate increased the activity at 10 to 50 mM, similarly to sulfates. The results are in agreement with the pH activity profile (23) at low potassium phosphate concentrations (minimum activity at pH 4.5) and at high potassium phosphate concentrations (maximum activity at pH 4.5). The effect of potassium and sodium chloride (Fig. 3) at pH 2.3 was similar to that of phosphates. Sodium chloride at 10 mM was definitely inhibitory, requiring 50 to 100 mM to reach the activity in potassium chloride fully (S 0 /Tween 80) or only partially (S 0 /DMSO). Lithium chloride was even more inhibitory than sodium chloride at pH 2.3 (Fig. 3) . The decreased activity at 10 mM LiCl did not increase appreciably at higher LiCl concentrations. Potassium chloride increased the oxidation rate at 10 to 50 mM at pH 2.3, 4.5, or 7.0 as potassium sulfate. At pH 4.5 and 7.0 (data not shown), sodium chloride and lithium chloride were no longer inhibitory, increasing the activity with increasing concentrations to 50 mM, only slightly less stimulatory than KCl. Rubidium chloride (data not shown) had the same effect as did potassium chloride, and cesium chloride (data not shown) was similar to sodium chloride as shown in Fig. 3 . The effect of potassium nitrate and sodium nitrate was even more dramatic (Fig. 3) . At pH 2.3, both nitrates were strongly inhibitory and decreased the activity to near zero in 100 mM. Potassium nitrate but not sodium nitrate at 10 mM, however, increased the activity (S 0 /DMSO). At pH 4.5 and 7.0, the inhibition disappeared.
These results agree with the following interpretation. Salts at low concentrations activate the cells by neutralizing surface charges when the anions are membrane impermeable (K 2 SO 4 and Na 2 SO 4 ). Permeable anions will enter the cells at pH 2.3 in response to ⌬ (positive inside), leading to proton entry and decrease in pH and activity (phosphate, chloride, and nitrate). Potassium (or rubidium) can enter as a counterion with permeant anions, preventing the loss of ⌬, but sodium (or cesium) is less effective, and lithium is ineffective. The permeability of nitrate is much higher than that of chloride or phosphate, resulting in stronger inhibition; thus, the salt activation is observed only with 10 mM KNO 3 . At a higher pH, the salt activation is more pronounced because ⌬ will be smaller and proton penetration will be negligible. Phosphate is unique in that at pH 4.5 the potassium salt required 50 mM for significant activation and 10 mM was consistently ineffective, unlike the potassium salts of other anions. The reason remains unclear, but it could be related to the dissociation properties of phosphoric acid: H 3 PO 4 
with pK a values of 2.12 and 7.21. Effect of fluoride. Potassium, sodium, or lithium fluoride was strongly inhibitory at pH 2.3 ( Fig. 3) , less inhibitory at pH 4.5, and not inhibitory at pH 7.0 (data not shown). The cation had no effect at these low concentrations. The degree of inhibition by fluoride was even more pH dependent than that by nitrate.
Hydrofluoric acid is a weak acid with a pK a of 3.45: HF 7 H ϩ ϩ F Ϫ . So at pH 2.3, fluoride exists largely as HF, the undissociated free acid which can penetrate membranes. Fluoride is therefore taken up by cells at pH 2.3 as HF and dissociates inside at a neutral pH as H ϩ and F Ϫ , thus destroying ⌬pH and activity. At pH 4.5, only 10% of fluoride existed as HF and the inhibition required a 10-times-higher concentration of fluoride. At pH 7.0, NaF even at a concentration as high as 200 mM did not appreciably inhibit the sulfur oxidation. Thus, although both chloride and fluoride are taken up by cells, the former responds to ⌬ and the latter responds to ⌬pH. Thiocyanate (SCN Ϫ ), a very permeable anion which responds to ⌬ (positive inside), inhibited the activity by over 90% at 0.1 mM NaSCN in 10 mM potassium phosphate (pH 2.3) but had no effect even at 1 mM NaSCN in 10 mM potassium phosphate (pH 7.0).
Effect of osmotic pressure. A high concentration (200 mM) of any salt decreased the sulfur oxidation rate at all the pHs tested ( Fig. 1 to 3) . The effect of osmotic pressure was suspected, since an extended lag period of 5 to 10 min was observed before the oxidation at the inhibited rate. Sucrose at 0 to 200 mM (data not shown) did not affect the activity as much as did potassium sulfate (Fig. 1), i.e., little activation or inhibition was observed. In the presence of 8.3 mM K 2 SO 4 , sucrose up to 200 mM had no effect at all on the activity at the three different pH values (data not shown). Sucrose did have a drastic effect, however, at 500 mM, stopping the O 2 consumption nearly completely for over half an hour. Potassium sulfate at When cells were preincubated for 2 h in 500 mM sucrose before the addition of sulfur, the extended lag period was largely eliminated. At pH 2.3, a considerable rate of oxidation was restored either with S 0 /DMSO or with S 0 /Tween (Fig. 4) . At pH 7.0, only the S 0 /Tween activity was partially restored, and not the S 0 /DMSO activity (data not shown). At pH 4.5, the restored activity with S 0 /Tween was even lower than that at pH 7.0. Thus, T. thiooxidans cells can recover from the osmotic shock faster in K 2 SO 4 than in sucrose. In sucrose, the recovery was better at pH 2.3, i.e., in a sucrose solution adjusted to pH 2.3 with H 2 SO 4 .
Effect of valinomycin. Since potassium was more effective than other cations in counteracting the deleterious effect of permeable anions, the effect of valinomycin (4.2 M) was studied with sulfate or phosphate as an anion and potassium or sodium as a cation. Valinomycin generally increased the rate of sulfur oxidation in K 2 SO 4 and lowered the rate in Na 2 SO 4 by as much as 15 to 30% at pH 2.3, 4.5, or 7.0 with S 0 /DMSO or S 0 /Tween as substrate (data not shown). Valinomycin also shortened the lag period in 200 mM K 2 SO 4 and extended it in 200 mM Na 2 SO 4 . The effect of valinomycin in potassium or sodium phosphate (data not shown) was similar to the effect in potassium or sodium sulfate only at pH 4.5, where valinomycin clearly increased the activity in the potassium phosphate and decreased the activity in the sodium phosphate as expected. At pH 2.3 and 7.0, valinomycin inhibited sulfur oxidation generally either in potassium or in sodium phosphate. The reason for these results in phosphate is unclear. The general activation effect of valinomycin in potassium salts and the inhibition in sodium salts agree with the concept of K ϩ being the natural cation for T. thiooxidans showing the highest activity of sulfur oxidation ( Fig. 1 to 3) .
Effect of DNP. The protonophore 2,4-dinitrophenol (DNP) is expected to collapse the proton gradient, ⌬pH, and inhibit the oxidation of sulfur under acidic conditions. Sulfur oxidation was inhibited very strongly at pH 2.3, only moderately at pH 4.5, and still less at pH 7.0 by DNP (6.25 M) with S 0 / DMSO (Fig. 1) . The results were similar in potassium or sodium sulfate and in potassium or sodium phosphate. At pH 7.0, however, DNP inhibited the sulfur oxidation slightly in potas- sium or sodium sulfate but very little or not at all in potassium phosphate and even slightly activated the oxidation in sodium phosphate. Although not shown in Fig. 1 , the effects of pH on the DNP inhibition were similar in potassium chloride and in sodium chloride, i.e., there was stronger inhibition at lower pH, but the extent of overall inhibition was larger. The results with S 0 /Tween 80 were essentially similar to results in Fig. 1 , DNP inhibiting sulfur oxidation more strongly at a lower pH. DNP, however, increased the rate of oxidation by 10 to 20% in sodium phosphate or chloride at pH 7.0 with some batches of cells. Thus, at pH 7.0 where ⌬pH was expected to be small and ⌬ was negative inside, DNP inhibition was also small and sometimes DNP even increased the activity, depending on the complex response of cations and anions and the physiological state of cells.
The results reported in this paper for the effect of salts and pH on sulfur oxidation by T. thiooxidans are best explained by a combination of the following five events: (i) activation of sulfur oxidation in T. thiooxidans by increasing concentrations of salts at low concentrations (below 0.1 M) according to the Derjaguin-Landau-Verwey-Overbeek theory of charge neutralization on the surface of colloid particles (2, 9, 14, 28); (ii) based on the expected response of acidophilic bacteria (1, 7, 13) , inhibition by some permeant anions at low-pH conditions due to destruction of ⌬ (positive inside), allowing the H ϩ to leak in from outside (order of increasing inhibition: HSO 4 Ϫ Ͻ Ͻ H 2 PO 4 Ϫ , Cl Ϫ Ͻ Ͻ NO 3 Ϫ ); (iii) counteraction of anionic inhibition by cations when they move inside, restoring the positive charge (order of increasing restoration: Li ϩ Ͻ Cs ϩ , Na ϩ Ͻ Rb, K ϩ ); (iv) inhibition by HF as a weak acid permeable at low pH moving inside in response to ⌬pH, acidifying the cellular contents; and (v) inhibition of sulfur oxidation at high salt concentrations (0.2 M) accompanied by extended lag periods caused probably by high osmotic pressures, similar to the effect produced by sucrose (0.5 M). The extended lag periods can be largely eliminated by preincubation of cells in the high concentrations of salts.
The degree of inhibition by anions under acidic conditions followed the order SCN
Ϫ , the same order as that of the Hofmeister series. Fluoride was a strong inhibitor only as HF and not as F Ϫ , similar to sulfurous acid, H 2 SO 3 , with a pK a of 1.81 (H 2 SO 3 7 HSO 3 Ϫ ϩ H ϩ ), which inhibits the oxidation of sulfur (19) and sulfite (22) under acidic conditions. Collins (6, 26) studied the behavior of various ions on Sephadex G-10 and showed chaotropes such as SCN Ϫ adsorbing to the gel more strongly than polar kosmotropes such as sulfate because of the weakly held water molecules of SCN Ϫ , which are easily lost, making the ion "sticky". Collins (6) states that K ϩ channels are passable by chaotropic K ϩ (radius, 1.38 Å) by dehydration, while not by a smaller Na ϩ ion (radius, 1.02 Å), which cannot be dehydrated easily. Rb ϩ (radius, 1.49 Å) is permeable, but not Cs ϩ (radius, 1.7 Å), because of the large size. The results in this paper agree with the possibility of T. thiooxidans having a similar channel. Li ϩ is highly hydrated (8) and not expected to pass through the channel. Recently, the significance of water and water activities affected by salts and osmotic pressure in biological systems has been emphasized (8, 15, 17) . Detailed analyses of the behavior of water, describing different states of water, high-density water (reactive) and low-density water (less reactive; ice or glass), and the distribution of various ions between these two states, which follows the Hofmeister series, have appeared (16, 27) . In sulfur oxidation, cells must make contact with hydrophobic sulfur across water and somehow oxidize it to hydrophilic sul- FIG. 4 . Effect of 500 mM sucrose with and without preincubation. Conditions were as described in the text, except that the activity in 500 mM sucrose was determined with (dashed line) and without (solid line) 2 h of preincubation of cells in sucrose before the addition of sulfur to start the reaction. O 2 consumption tracings in the absence of 500 mM sucrose (in water and in 50 mM K 2 SO 4 ) are also shown for the oxidation of sulfur at pH 2.3.
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